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Abstract: Large-scale mammalian cell culture is essential in cell therapy,  vaccine 

production, and the manufacturing of therapeutic protein drugs. Due to the adherent 

growth characteristic of most mammalian cell types, the combination of cell carrier and 

bioreactor is a common choice in large-scale mammalian cell culture. Current cell carriers 

developed by either polymer crosslinking, lithography, or emulsion drops are unable to 

obtain a structure with uniformed porous structure and porous interior design, which 

results in an inhomogeneous culture condition for cells and therefore can not ensure an 

optimal dynamic culture condition for cell proliferation, matrix production, and cell 

differentiation. In addition, the fluidic shear stress (a standard mechanical stimulation in 

bioreactor culture) and inner-carrier velocity (to ensure nutrient transport and waste 

exchange), which influence cell viability and growth, are not well-controlled/analyzed due 

to an irregular porous structure with these traditionally synthesized cell carriers. To solve 

these problems, we designed 4 types of hollow porous spheres (HPS, 1.0 cm diameter) 

with different porous structures. To investigate the impacts of porous structure on surface 

shear stress and inner velocity, computational fluid dynamics (CFD) simulations were 

conducted to analyze the liquid flow behavior in HPSs, based on which an optimal 

structure with minimal surface shear stress and best inner velocity was obtained and 

fabricated using Fused deposition modelling (FDM) 3D printing technology. Inspired by the 

industrial large-scale culture system, a novel 3D dynamic culture system was then 

established using HPSs to seed the cells, which were then placed in a mini bioreactor on a 

tube roller. CFD analysis showed that under 0.1 m/s water flow, the shear stress at most 

surface areas from four HPSs was lower than 20 dynes/cm2, which suggests the HPSs 

should provide protection against physical stress to the cells living on the scaffold surface. 

A dynamic cell seeding was developed and refined using the 3D culture system, which 

increased the 32% seeding efficiency of MC3T3 cells compared to the traditional static cell 

seeding method. The cell proliferation analysis demonstrated that HPSs could speed up 

cell growth in dynamic cell culture. The HPS with a honeycomb-like structure showed the 

highest inner pore velocity (CFD analysis) and achieved the fastest cell proliferation and 

the highest cell viability. Overall, our study, for the first time, developed a 3D printed HPS 

cell culture device with a uniformed porous structure, which can effectively facilitate cell 
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adhesion and proliferation in the dynamic cultural environment, thereby could be 

considered an ideal carrier candidate.  

KEYWORDS: 3D printing, 3D cell culture, Dynamic cell culture, Computational fluid 

dynamics simulation, cellular viability, porous hollow spheres, cell carrier, bioreactor. 
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Impact Statement 

Cell carrier is critical for anchorage-dependent mammalian cells living in a dynamic 

bioreactor. This study developed the hollow porous spheres (HPS) as a potential cell carrier 

to facilitate anchorage-dependent mammalian cell growth in a dynamic culture system. 

Combining the computational simulation, the study result demonstrates that the velocity 

of the culture medium inside these cell carriers can improve the efficiency of nutrition and 

oxygen exchange for cell growth in HPS, which is essential for cell metabolism and viability. 

This study established a method of 3D printed cell carrier for cell growth in a dynamic 

bioreactor, which could potentially be used as a 3D dynamic cell culture approach for 

future biomedical research.   
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Introduction 

The cell culture technique is one the most common tools in biomedical research, 

which helps people to study cellular behavior and mechanisms in various diseases such as 

Diabetes, Heart disease, cancer, Alzheimer's disease, etc. Since Harrisson, a pioneer in cell 

culture, developed an approach to culture nerve fiber cells in vitro in 1907, most cell 

studies were conducted in a 2D static environment using the cell flask, disk, and plates 1,2. 

However, the cell lives in a 3D and dynamic environment in vivo, and its behaviour is 

significantly different from the cell in 2D static flask culture, suggesting the importance of 

applying a 3D cell culture system in biomedical research and the pharmaceutical industry 

3,4. Meanwhile, previous research has demonstrated that mechanical force derived from 

the dynamic environment could also play an essential role in cellular behaviours such as 

proliferation, migration, differentiation, metabolism, and apoptosis 5–11. Hence, the cell 

culture system combines 3D with the dynamic condition to simulate an environment more 

analogical to the in vivo condition for cell culture, thereby facilitating biomedical research 

and drug testing for the pharmaceutic industry. 

For 3D adherent cell culture, scaffolds are frequently used to allow cell growth in 3 

dimensions. 12–14 However, simulating a dynamic fluidic condition with these scaffolds 

remains challenging. In the pharmaceutical industry, a common approach for large-scale 

mammalian cell culture is to use a bioreactor due to the capacities of high output in cell 

numbers and cost-effective labour cast,15,16 which depends on sphere-shaped cell carriers 

to seed cells. Such an approach can ensure both 3D and dynamic fluidic conditions for 

cells. It is considered to modify this system into a smaller laboratory device for biomedical 

research. 

Despite the size, developing better cell carriers for cell culture in the bioreactor is critical. 

Currently, several types of cell carriers have been used, such as dextran-based  Cytodex 1 

(GE Healthcare) positively charged carriers, dextran-based Cytodex 3 (GE Healthcare) ECM 

(Extracellular matrix)-coated carriers, polystyrene-based HyQ-spheres (Thermo Scientific) 

non-charged carriers. 17 Most of these cell carriers are a solid sphere structure, which 

could result in shear stress and collision damage for cells growing on the carrier surface in 

the dynamic cell culture system. It is known that adherent cells are sensitive to shear 
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stress and physical collisions. It has been found that physical stimulus generated in stirring-

bioreactor results in cell growth reduction, detachment, and death.18,19 Moreover, the 

dynamic force would induce mechanotransduction to the cultured cells, which will 

influence cell behavior or even determine cell fate.20–22 It is, therefore, necessary to 

develop an advanced cell carrier that can protect cells from extreme shear force stress in 

the bioreactor.  

A cell carrier with a defined porous structure will provide optimized cell growth and 

protein production environment. A microporous carrier has been developed to increase 

the surface areas and avoid collision damage.23,24 However, the drawbacks of current 

microporous carriers are irregular pore size and structure and inhomogeneity of pore size. 

Besides, the unconnected pore structure makes nutrient exchange and removal of cell 

waste difficult. These limitations are mainly due to the traditional manufacturing methods. 

Thereby, it is necessary to develop advanced microporous carriers with the ideal structure 

in a precisely controlled way, and a procedure could be achieved via 3D printing 

technology.   

3D printing technology can manufacture objects layer by layer, which includes Fused 

Deposition Modelling (FDM), Digital Light Processing (DLP), Selective Laser Melting (SLM), 

Stereolithography (SLA), Laminated Object Manufacturing (LOM), Selective Laser Sintering 

(SLS), and Digital Beam Melting (EBM).13 These technologies have been used to produce 

products with sizes ranging from millimeters to nanometers. 3D printing is capable of 

fabricating complex structures precisely according to the design. Moreover, various types 

of material (e.g., polymer, metal, and ceramics) can be chosen to fabricate 3D-printed 

products based on their application.14 Polymers, such as Polylactic acid (PLA), 

Polycaprolactone, Polystyrene and natural gelatin methacrylate, are widely used to 

fabricate scaffolds for cell adhesion and growth for tissue engineering study due to the 

characteristic of suitable mechanical strength to maintain a 3D structure under certain 

external stress.25 Especially, some synthetic polymers have been approved by Food and 

Drug Administration (FDA, USA) for clinical use, which are highly biocompatible and 

thereby beneficial for cell growth.26  Thus, a 3D printed polymer scaffold could be 

developed with the pre-designed structure to fulfil cell growth and proliferation in a 
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dynamic suspension culture environment. Furthermore, the Langmuir−Blodgett (LB) 

technique has been developed and used to precisely control the coverage of the deposited 

biomaterial on the material surface, which is considered a different advanced approach for 

precise surface modification.  

In this study, we firstly designed a novel 3D dynamic culture system using a sphere-shaped 

scaffold, mini bioreactor and tube roller. Then, to develop an ideal scaffold, four types of 

hollow porous spheres (HPS) were designed by Rhino software with different pore 

structures to minimize collision damage and shear stress, which were then accordingly 

fabricated via 3D printing. To examine whether the pre-designed structure could ensure 

sufficient carrier inside-outside nutrition/waste exchange, a computational model based 

on the ANSYS Workbench platform was established to analyze the fluid property of these 

four HPSs. A dynamic cell seeding method was developed and optimized to achieve a high 

seeding efficiency with HPS. Finally, we evaluated the effects of static/dynamic culture 

methods and different HPS structures on cell growth speed and viability to find the most 

suitable carrier for future application in the bioreactor-based cell dynamic culture system. 

Based on our data, the novel 3D dynamic cell culture system has been established, with a 

refined HPS structure that can be applied in not only the current culture system but also 

the large-scale industrial cell culture. 

Method  

In this study, 4 different hollow porous spheres (HPS) with 1.0 cm diameter were 

fabricated by fused deposition modelling (FDM) 3D printer, and the surface was modified 

by plasma treatment to facilitate anchorage-dependent mammalian cell growth in a 

dynamic culture system. A dynamic cell seeding method has been established to improve 

the cell seeding efficiency on the HPS 3D cell carrier and has been tested by PicoGreen 

assay showing the total DNA amounts of cells on HPS and AlamarBlue assay showing cells 

viability on HPS after seeding. In addition, computational fluid dynamics (CFD) was 

performed to test the flow behaviour of 4 types of HPSs and the osteoblast precursor cell 

line MC3T3 was used in testing cell proliferation profiles of 4 types of HPSs in a dynamic 

culture environment. 
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Experiment 

Design of HPS 3D geometric models  

The models for HPS were constructed by the solid modelling program (McNeel R, & others. 

(2010). Rhinoceros 3D, Version 6.0. Robert McNeel & Associates, Seattle, WA). Firstly, a 1.0 

cm-diameter sphere with a 0.4 cm-diameter sphere-shaped inner hollow was created. 

Then Rhinoceros transform tool was used to create the different porous shapes with 

various aperture sizes. Finally, models were saved as STereoLithography (STL) files for 3D 

fabrication. 

Fluid property analysis of HPS structures with ANSYS Workbench platform 

The computational fluid dynamics (CFD) was performed on the commercial CFD software 

Fluent at ANSYS Workbench platform (ANSYS 19.0, ANSYS Inc., Canonsburg, PA, USA). To 

assess the flow behavior passing through different HPS structures, HPS models were 

placed into a cylinder fluid domain (100.0 mm in diameter and 2000.0 mm in length). The 

whole fluid domain was relatively larger than HPS, which was the region of interest (ROI), 

to guarantee the flow reached the HPS structural area was fully developed and away from 

the boundary. To save computational consumption, multi-level mesh size was applied to 

the fluid domain, where only the HPS area was given the finest mesh. The curvature mesh 

size function was applied to the fluid domain. Furthermore, four levels of concentric 

sphere body sizing controls were given to the HPS area (Table 1), and 5 and 10 inflation 

layers were applied to the boundary of cylinder fluid area and HPS area, respectively. 

Water liquid (density of 998.2 kg/m3 and viscosity of 100.3×10-5 kg/m∙s) was used in this 

study. Steady and laminar 0.1 m/s velocity inlet and 0 Pa constant pressure outlet were 

given as boundary conditions. A maximum of 5000 iterations were allowed for calculation.  

 HPS fabrication via FDM 3D printing 

A Wombat 3D printer (Keysborough, VIC) was used for HPS with 1 cm diameter printing. 

PLA filaments with 1.75 mm diameter were purchased from Bilby 3D (Brisbane, QLD). 0.4 

mm-diameter Brass nozzle was used. The nozzle temperature was set at 210 °C and the 
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printing bed temperature was set at 70 °C to preclude the printed material from warping. 

Multi-scaffold models were placed in one G-cold and printed via sequential printing. 

Scanning electron microscopy of PCL scaffolds 

HPS samples were coated by a benchtop sputtering device (EM SCD005, Leica 

Microsystems) with an ultrathin (∼10 nm) layer of gold and mounted onto aluminium 

stubs. Samples were visualized using a Jeol 7001F Scanning Electron Microscope (Jeol, 

Japan).  

Surface modification of HPS by plasma treatment  

HPSs were treated by plasma to enhance their hydrophilicity surface character and 

therefore promote cell attachment.29,30 Harrick Plasma machine (Harrick Plasma, Expanded 

Plasma Cleaner PDC-002) was used for the plasma surface modification process, HPSs were 

placed on the plasma cleaner chamber when it was pumped down to a base pressure of 

120–160 mTorr. Then argon and oxygen gas (at a ratio of 3:1) was injected into the 

chamber using an MKS mass flow (MKS Instruments, Inc., USA), and a radio frequency (RF) 

power of 10.2 W was applied to initiate the plasma. Samples were exposed to plasma for 

10 min. The chamber was then purged with air to open. HPSs were turned upside down 

and re-treated by plasma. HPSs were then removed from frames and sterilized via 

immersion in 75% ethanol for 1h, followed by air-drying in a biosafety class II cabinet. 

Cell seeding and culture on HPS scaffolds  

The cell line, MC3T3 (MC3T3-E1 Subclone), was used in this study. MC3T3 cells were 

maintained in culture medium Dulbecco's Modified Eagle Medium (DMEM; Gibco®, Life 

Technologies Pty Ltd., Australia) supplemented with 10 % fetal calf serum (FCS; In Vitro 

Technologies, Australia) and 1 % (50 U/ml and 50 μg/ml, respectively) 

penicillin/streptomycin (P/S; Gibco®, Life Technologies Pty Ltd., Australia) at 37 °C with 5 % 

CO2.  
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In the current study, static and dynamic cell seeding methods were applied and compared:  

For static cell seeding on the carriers, 6 HPSs were put in one 15 ml centrifuge tube. Total 

cells (2×105/scaffold) were suspended in 10 ml cell culture medium to seed on HPSs in one 

tube. The tube was placed in the incubator for 10 h. For dynamic cell seeding, total cells 

(2×105/scaffold) were suspended in 10 ml medium on 6 HPSs in one 15 ml centrifuge tube. 

The tube was put horizontally on the Tube Roller (Thermo Scientific, Australia). The tube 

roller was then placed in the incubator and set with different rolling speeds (10 rpm, 20 

rpm, 30 rpm and 40 rpm) for 10 h of seeding. For both seeding methods, HPSs were 

collected, and the seeding efficiency was compared via alamarBlue cell viability assay and 

PicoGreen assay.  

To compare the effects of dynamic and static cell culture on cell proliferation, 60 HPSs 

seeded with cells were placed in six 50ml Mini Centrifuge Bioreactors with Vent Cap 

(Corning Inc, Australian). Each mini bioreactor contained 10 HPSs suspended in 30 ml 

culture medium. For dynamic culture, 3 mini bioreactors were horizontally placed on the 

Tube Roller with the speed of 10 rpm for dynamic cell culture. Another 3 mini bioreactors 

were put on the incubator layer for static cell culture. Every 24 h cells on HPS were 

analyzed with alamarBlue cell viability assay and PicoGreen assay to evaluate cell 

proliferation from day 1 to day 10. 

AlamarBlue cell viability assay and PicoGreen assay 

Cell metabolic activity and DNA content were measured by AlamarBlue cell viability assay 

and PicoGreen assay, respectively, to assess the cell amount on HPS. For alamarBlue assay, 

a 10% alamarBlue (Thermo Scientific) working solution was pre-prepared. HPS was 

transferred to a 24 well-plate and 1.5 ml alamarBlue working solution was then added. 

Empty wells with the working solution at the same amount served as the negative control. 

The plates were incubated at 37 °C for 2 h, and 300 ul medium from each HPS-well was 

transferred into 3 wells from a 96-well black plate (100 ul/well). Fluorescence extensity 

(excitation 544 nm, emission 590 nm) was measured using a plate reader (BMG Omega, 

BMG LABTECH). 
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The PicoGreen assay was performed using the PicoGreen assay kit (Invitrogen Ltd., 

Australia) according to the supplied protocol. Lambda DNA standards were used to 

generate the standard curve. The cells were harvested from the HPS by treating them with 

0.5% trypsin (1.5ml per HPS) at 37 °C for 3 min. The cell suspension was centrifuged for 5 

min at 1000 rpm, and the cell pellet was washed twice with PBS (Phosphate-buffered 

saline). After that, cells were resuspended in 2ml TE buffer, frozen in a -80 °C freezer 

overnight and thawed at 37 °C. Samples were aliquoted in triplicate into a 96-wells plate 

(100 ul/well) and incubated with PicoGreen assay reagent, then read with a fluorescence 

plate reader (BMG Omega, BMG LABTECH; excitation 485 nm, emission 520 nm). 

Live/dead staining 

Fluorescein diacetate (FDA) is a cell-permeable esterase substrate that measures both 

enzymatic activity and cell membrane integrity, which is used to detect live cells. 

Propidium iodide (PI) is a small fluorescent molecule that binds to DNA but cannot 

passively traverse into cells that possess an intact plasma membrane, which could be used 

to detect cell death. Thereby, to evaluate cell viability, cell-seeding HPSs were incubated 

with 2 mg/mL FDA (Sigma-Aldrich) for 15 min and then 20 mg/mL PI (Sigma-Aldrich) for 5 

mins at 37°C to stain live and dead cells, respectively. Cells were then observed and 

imaged by Nikon SMZ25 Stereo Microscope. 

Evaluating Cell Death by Flow Cytometry 

Flow cytometry was performed to further measure the percentage of dead cells (in total 

population) on HPS under different culture conditions. Cells were harvested from HPS and 

treated with 1ug/ml PI at room temperature for 15 min. Cell death (percentage of PI-

positive cells in total) was measured by flow cytometry (BD FACSCelesta Flow Cytometer). 

The cell population size for analysis is 50,000 in this study. Data were collected and 

analyzed by FACSDiva software. 

Statistical Analysis 

All statistical analyses were performed using SPSS 13.0 (SPSS Inc., Chicago, IL). Student T-

tests were performed for comparison between the two groups. For comparison in multiple 
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groups, data were subjected to one-way ANOVA followed by the Student−Newman−Keul 

test at α = 0.05. P < 0.05 was considered significantly different.  

Results and Discussion 

Design of a novel 3D dynamic culture system 

In the pharmaceutics industry, a large-scale cell culture system is frequently used, which 

consists of cell carriers and a rotating bioreactor to keep the carrier spinning inside the 

bioreactor. Inspired by this system, in the current study, a novel laboratory 3D dynamic 

culture system has been designed. As shown in Figure 1,  hollow porous spheres (HPS) are 

used to seed the cells and allow for 3D cell culture, which is then placed in a mini 

bioreactor filled with the culture medium. The mini bioreactor is then placed in a tube 

roller to keep the HPS rotating, an approach to ensure a dynamic fluidic culture 

environment for the cells living on HPS. Hence, a novel 3D dynamic cell culture system has 

been designed.   

Computer-aided HPS design  

Cell carrier provides an opportunity to culture the anchorage-dependent cell in the 

dynamic culture environment.17,20,23 To solve the drawbacks of solid sphere carriers (e.g., 

collision damage), porous carriers have been developed using traditional chemical 

synthetic methods, such as crosslinking, lithography and emulsion drop. These methods, 

however, are merely possible to accurately control the carrier structure according to the 

design.  

3D printing technology provides a manufacturing method to precisely synthesize an object 

with a complex structure following the design. So, we used this advanced manufacturing 

method to produce HPS to conquer the drawback of the traditional manufacturing 

method. We used Rhino (CAD software) to design the structure of the HPS. The most 

critical design criteria are considered as the physical protection and permeability due to 

the certain environment in a dynamic culture system. Previous studies have shown that 

severe shear force in dynamic culture could result in cell growth reduction, detachment 

and death.19,23 To minimize shear force, we designed four types of HPS with porous and 
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hollow structures to provide an optimized "shelter"—the covered inside space for cell 

adhesion and growth. The porous structure could effectively protect the cells from shear 

stress damage, and the hollow design ensured the culture medium easily goes through the 

scaffold to offer  sufficient material exchange, making it more convenient to harvest cells 

from the porous surface. As shown in Figure 2a, four HPSs (diameter: 1 cm) with different 

outer pores were constructed by the Rhinoceros. Each of them contained a hollow core 

structure (diameter: 0.4 cm) to ensure the medium exchange between the inside and 

outside of the scaffold (Figure 2b). According to the parameters shown in Figure 2c, HPS1 

had the largest outer/inner pore sizes and the smallest volume. HPS4 had the largest 

surface area and volume.  

CFD analysis of HPS  

The four 1cm-diameter HPSs with the 0.4 cm-dimeter inner hollow structure were 

designed with different pore sizes and outer structures, two factors considered to cause 

different fluent behaviour in the dynamic culture environment and, therefore, could result 

in different cell growth and proliferation. Understanding the fluid dynamics behaviours of 

the scaffolds, such as surface shear stress and inside velocity, would provide us with 

information about the advantages/disadvantages of different structures and the 

evaluation criteria for future carrier design and manufacture. An analysis model was 

established with ANSYS, which has been widely used to simulate dynamic cell culture 

physical environment.31,32 A cylinder model (100.0 mm in diameter and 2000.0 mm in 

length) was established, and 4-level sphere body sizing was given to the HPS area to 

balance the computational load and computational precision (Figure S1). In this model, the 

different HPSs were put in the centre of the cylinder, and 0.1 m/s water flow was going 

through HPS, a common physical condition to mimic the environment of the real dynamic 

cell culture. The surface shear stress and velocity inside the HPS were calculated. Figure 3a 

shows the colour contours of the magnitude of wall surface shear stress (WSS). In ANSYS 

analysis procedure, the surface of HPS was divided into multiple 0.01 mm2 small square 

areas. The colour ranged from blue to red and showed the strong to weak shear stress 

intensity on the small square area. The mean volumetric distribution of WSS (values in 

logarithm) was shown in Figure 3b. The shear stress at most surface areas from four HPSs 
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was lower than 20 dynes/cm2, which suggests the HPSs should provide protection against 

physical stress to the cells living on the scaffold surface (Figure 3c), as the surface shear 

stress higher than 2 Pa (20 dynes/cm2) has been found to impair cell viability in the 

dynamic culture environment.19,23  Based on the CFD results, the four HPSs should be able 

to provide protection from shear stress damage to cells.  

The inside velocity of HPS determines the material exchange between the HPS inside space 

and the outside environment. High flow could facilitate nutrition and oxygen to get into 

the scaffolds and metabolic waste to get out of the scaffold. The low inside-outside 

exchange has been considered to impair the viability of cells living inside the scaffold,33,34 

suggesting velocity should be another key parameter for our cell carrier design. To analyze 

the velocity of 4 HPSs, a surface in the middle of HPS was created in CFD, which was 

divided into multiple 0.01 mm2 small square areas. The magnitude of flow velocity through 

the surface was calculated and shown in Figure 3d. Figure 3e shows the mean volumetric 

distribution of velocity (values in logarithm). From the scatter plot graph of the inside 

velocity (Figure 3f), HPS1 showed the highest mean value of velocity, and HPS4 showed 

the lowest. This result indicates that the liquid (culture medium) would go through the 

HPS1 faster than the other three, suggesting that it should achieve the most efficient 

nutrition, oxygen and metabolic waste exchange in the dynamic culture.  

HPS fabrication and surface modification  

After successful design and analysis, HPSs were then fabricated by using FDM 3D printer. 

Compared to other 3D printers, the advantages of FDM are as follows. 1) Speed: it only 

takes 16min at average to fabricate a 1cm-diameter HPS. 2) Accuracy: FDM printer uses 

the filament that is heated to a melting point and then extracted in layers to create a 3D 

object. The error during the whole process is within 0.005 inches. 3) Ease procedure: FDM 

printers can directly fabricate most of the items designed by CAD program. FDM printer 

also has fewer possible satellite droplet issues, usually caused by some soft material such 

as collagen or fibrinogen, which cannot hold their shape in the fragmentation process of 

injecting printing. FDM printing usually uses strong, engineering-grade materials such ABS 

(Acrylonitrile butadiene styrene) and PLA(Polylactic acid), which could hold their shape 
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well and produce continuous filament in the printing process and achieve some complex 

structure printing. In the meantime, if the hot end of the nozzles is too low, the print 

material will not melt correctly, which could lead to nozzle clogging. Nowadays, the FDM 

3D printing, such as Wombot we used, has a precision temperature control unit that could 

sophisticatedly control the material melt temperature in the nozzle to assure the flow of 

printing and avoid nozzle clogging. The four types of HPS were fabricated by Wombot 3D 

printer (FDM) with a 100-micron layer height to meet the requirement of fine detailed 

structure. The nozzle temperature, bed temperature and printing speed were set 

accordingly to the previous studies.35,36  Figure 4a showed that 32 HPSs could be fabricated 

by sequential printing in one batch, which saved time, and labor and thereby could satisfy 

the huge demand for cell culture. The four different HPSs were printed (1 cm diameter), 

and the structures were consistent with the designed geometry (Figure 4b). The SEM 

pictures showed the detailed structures of HPSs, which all had wrinkled surfaces due to 

the layer-by-layer printing procedure (Figure 4c). These wrinkled surfaces could provide 

more areas for cell adhesion and growth compared to the smooth surface.  

In the current study, the biodegradable aliphatic polymer PLA was chosen as the material 

to print HPS due to its biocompatible and non-toxic features.37,38 PLA is an FDA-approved 

biodegradable aliphatic polymer that was widely used to fabricate the 3D scaffold. 37 

However, PLA is a low wettability material that affects cell adhesion and proliferation. To 

solve this, discharge gas plasma was performed, which has been demonstrated to modify 

the wetting property of PLA to enhance cell adhesion and proliferation on the PLA 

surface.39 To determine the wettability of the PLA surface after the discharge of gas 

plasma, the water contact angle measurement was performed. As shown in Figure S2, the 

PLA film was printed and treated by the same plasma procedure as HPS. After gas-plasma 

treatment, the contact angle decreases from 73° to 38°, which indicates that PLA surface 

wettability should be increased.  

Cell seeding on HPS  

Cell seeding is the first step in the abundant cultivation of mammalian cells in HPS. To 

examine whether HPS was suitable for cell culture, successful and efficient cell seeding 
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should be guaranteed. Static seeding is a standard seeding method in 2D cell culture. 

However, previous research has found that static seeding is not suitable for 3D scaffolds,  

while dynamic seeding could enhance seeding efficiency.40 Adhesion cell number and 

uniform cell distribution are considered two indexes of seeding efficiency. We used MC3T3 

cell line as a study model to test the seeding efficiency. Figure 5a showed that cells seeded 

dynamically were distributed more uniformly than static seeding. It could be observed that 

after static seeding, many cells aggregated in some pores, while other pores had few cells. 

On the other hand, via dynamic seeding, cells are distributed evenly in most pores. This 

phenomenon should be due to the more uniform cell distribution during dynamic cell 

seeding, as the suspended cells may take a longer time to attach during dynamic seeding. 

To quantify the amount of cells adherent to HPS surface, alamarBlue assay and PicoGreen 

assay were performed. From Figure 5b&c, it could be observed that there were 

significantly increased cell metabolic activity and DNA amount in the dynamic seeding 

group, suggesting there should be more cells seeding on HPS with this seeding method, 

which was consistence with the FDA staining result. These results indicate that the 

dynamic seeding method can achieve better efficiency, as demonstrated by uniform cell 

distribution and increased cell number.  

The roller speed and seeding time are two factors that would affect the dynamic seeding 

efficiency. We compared the effects of four different roller speeds and seeding times on 

the dynamic seeding efficiency. As shown in Figure 5d&e, high roller speed at 40 rpm 

would decrease the number of cells seeding on HPS, as indicated by decreased cell 

metabolic activity and DNA amount. Moderate speeds such as 10 rpm and 20 rpm resulted 

in a similar seeding efficiency. The cell amount was monitored for up to 10 h after seeding 

to optimize the seeding efficiency. It could be observed that the cell amount increased 

from 2 h to 6 h after seeding, while after that, no obvious change could be observed. This 

suggests seeding duration should be no less than 6 h for both static and dynamic seeding 

methods (Figure 5f, g). Some cells that remained in the medium were observed under a 

microscope after 6 h' of seeding (data not shown), indicating a cellular precipitation effect 

even using the dynamic seeding method. We also compared the seeding efficiency of 4 

different HPSs with the optimized dynamic seeding method (roller speed: 10 rpm, seeding 
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duration: 8 h) to find whether the structure difference would affect seeding efficiency. The 

FDA staining result indicates that the seeding efficiency was similar on 4 different 

structures (Figure S3a), which showed even cell distribution on the scaffold and identical 

cell amounts, as tested by PicoGreen assay and alamarBlue assay (Figure S3b). 

The effects of static and dynamic cell culture on cell proliferation in HPS   

The different cell culture methods would affect cell growth by changing the mechanical 

and chemical features of the cell-living environment.41,42 For cells on the scaffold, a 

previous study has shown that the dynamic culture method would favor cell growth, as it 

could provide more efficient material exchange between the inside and outside of the 

scaffold; besides, this liquid exchange could exhibit mechanic stimulation for cell growth.43 

In the current study, the cell growth curves showed that for HPSs in dynamic culture, the 

cell took less time to reach the stationary phase than in the static culture (Figure 6a). 

Figure 6b&c showed that cells grew faster and took less time to double the cell number in 

all four different HPSs in the dynamic culture system as compared to the static one. Those 

results implied that the shear stress on HPS would not cause an obvious negative impact 

on cell growth, which was consistent with our computational simulation outcome—that all 

HPS structures should provide efficiency protection against the physical shear stress. 

The effect of HPS structure on cell proliferation in a dynamic culture system 

As the CFD analysis results showed the velocity difference among the 4 types of HPS, we 

wondered whether HPS structure would affect cell growth in a dynamic culture. Thus, the 

growth curves of cells cultured on 4 HPSs were compared (dynamic culture at a roller 

speed of 10 rpm). The HPS1 took the least time to reach the stationary phase and HPS4 

was the slowest one to reach the stationary phase (Figure 6a). Figure 6b&c showed that 

HPS1 achieved the fastest cell proliferation and took the least time to double the cell 

number. These results were consistent with the analysis of the inside velocity of HPS. This 

indicates that the inside-outside material exchange is an important factor for cell growth 

on HPS. The structure of HPS1 provided the highest material exchange ratio, which could 

be the reason for the fastest cell growth as compared to the other 3 HPSs.  
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To evaluate cell viability, cells growing on HPS were analyzed with live/death staining and 

flow cytometry to detect the portion of dead (PI+) cells. Figure 7d&e showed that HPS 4 

had the highest percentage of dead cells. The FDA/PI fluorescence staining showed 

consistent results that the red signal (PI-positive, dead cell) was the lowest in HPS1 and the 

highest in HPS4. This indicates that the inner velocity inside not only determines the cell 

growth speed but also affects cell viability when reaching high confluence.  

Conclusion  

In this study, we developed a novel cell carrier-HPS by FDM 3D printing technology for 

abundant cultivation of mammalian cells in a dynamic culture system. All HPSs showed a 

low intensity of surface shear stress. However, HPS1 showed the highest inside velocity, 

indicating the most efficient material change in HPS1. HPS1 also achieved the fastest cell 

proliferation with the highest cell viability, which was in accordance with its highest inside 

velocity, suggesting that inside velocity should be a key index in future cell carrier design. 

Our 3D printed cell carrier thereby could act as an advanced carrier, which can be applied 

in large-scale cell culture in the biopharmaceutical industry. Our established strategy to 

design a cell carrier with a porous structure and suitable inside velocity via CFD-aided 

simulation, and to use 3D printing as the carrier manufacturing method, can guide the 

design and fabrication of high-throughput cellular bioreactors in the future. Moreover, 

based on this carrier, we provide a novel 3D dynamic culture system by combining HPS, a 

small bioreactor and a tube roller, which can be further applied in future biomedical 

research.  
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Table 1: Parameters of the geometric modelling 

 Diameter of Sphere Region 

(mm) 

Mesh Size (mm) 

Level 1 12 0.1 

Level 2 24 0.5 

Level 3 50 2.0 

Level 4 100 10.0 
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Figure 1. The Illustration of the 3D Dynamic Cell Culture System Based on HPS. The 3D 

dynamic cell culture system consists of three main parts: 1. Hollow Porous Scaffold as a 

cell carrier provides the surface for cell adhesion and growth. 2. Tube with filter gap as a 

cell carrier and culture medium container. 3. Roller is the mechanical force resource to 

create the cell carrier's dynamic environment. 
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Figure 2. The schematic of HPS. (a) Four models of designed HPSs (diameter: 1 cm) with 

different outer porous structures. (b) All these models contain a similar inner hollow 

structure (diameter: 0.4 cm). (c) The parameters of surface area, pore size and volume of 

HPSs. 
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Figure 3. Surface shear stress and inside velocity of 4 HPSs in the fluid environment were 

analyzed via CFD simulation. (a) Colour contours of the magnitude of surface shear stress 

distributed at HPS models in the fluidity environment with inlet velocity at 0.1m/s. The 

colour bars indicated shear stress magnitude (pa). (b) Volumetric distribution of WSS (wall 

shear stress Pa, values in logarithm) of 4 HPSs. (c) The scatter plots graph of the surface 

shear stress of 4 HPSs. (d) Color contours of the inside velocity of HPSs in the fluidity 

environment with inlet velocity at 0.1m/s. Colour bars indicated velocity magnitude (m/s). 

(e) Volumetric distribution of velocity (m/s, values in logarithm) of 4 HPSs. (f) The scatter 

plot of the inside velocity of 4 HPSs. 
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Figure 4. HPSs were fabricated by wombot 3D printer using PLA. (a) 32 HPSs were 

fabricated at one bath, which could satisfy the huge demand of further cell culture study. 

(b) Four HPSs (1cm diameter) were printed with structures consistent with designed 

geometries. (c) SEM images of the HPSs (scale bar =1mm).  
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Figure 5. Cell seeding efficiency was compared between static and dynamic cell seeding 

methods. (a) FDA (green, for live cells) and Hoechst (blue, for cell nuclei) staining of cells 

on HPS after static and dynamic cell seeding. (b) PicoGreen assay test result showed the 

total DNA amounts of cells on HPS after static/dynamic cell seeding (**p < 0.01). (c) 

AlamarBlue assay result showed more cells growing on HPS after dynamic seeding, as 

compared to the static seeding (*p < 0.05). PicoGreen assay (d) and AlamarBlue assay 

results (e) showed high rotation speeds (over 20 rpm) and decreased cell adhesion on the 

HPS (*p < 0.05, **p < 0.01). PicoGreen assay (f) and AlamarBlue assay (g) results showed 

that 10 h were enough for the seeding procedure, and more cells adhered to the HPS after 

10 h of dynamic seeding when compared to static seeding (**p < 0.01).  
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Figure 6. Effects of static and dynamic cell culture on cell proliferation in 4 different HPSs. 

(a) Growth curves of cells cultured on HPSs. Cell proliferation was assessed by alamarBlue 

assay after 10 days of static/dynamic cell culture, (b) Linear regression calculation was 

performed to assess cell proliferation speed based on alamarBlue assay results of the 

logarithmic phase cell growth. (c) Cell doubling time comparison of a static and dynamic 

culture.  
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Figure 7. Cell proliferation profiles on 4 types of HPSs in a dynamic culture environment. 

(a) Cell proliferation was assessed by alamarBlue assay (roller speed: 10 rpm). (b) Linear 

regression calculation was performed to assess cell proliferation speed based on 

alamarBlue assay result of the logarithmic phase cell growth. (c) Comparison of cell 

doubling time on different HPSs. (d) Percentage of PI-positive cells on HPSs after 8 days of 

dynamic culture, (**p < 0.01). (e) Flow cytometry histogram of PI-stained cells on HPSs 

after 8 days of a dynamic culture. (f) FDA-PI double-staining images of cells on HPSs after 8 

days of a dynamic culture. 
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